Background. Follow-up studies of recipients of hepatitis B vaccine from endemic areas have reported loss of antibody to hepatitis B surface antigen (anti-HBs) in a high proportion of persons vaccinated at birth. In contrast, the long-term durability of antibody in persons vaccinated as adults in nonendemic areas is not well defined. We aimed to assess the durability of anti-HBs among healthcare workers (HCWs) vaccinated as adults and response to a booster among those without protective levels of antibody.
The implementation of vaccination programs worldwide against hepatitis B virus (HBV) has reduced the morbidity and mortality of acute and chronic HBV infection and the incidence of hepatocellular carcinoma, particularly in endemic regions [1] [2] [3] . Vaccination against HBV consists of 3 or 4 intramuscular injections of recombinant hepatitis B surface antigen (HBsAg) at varying schedules [4] . Response rates to primary vaccination are high, with 85%-100% of vaccinees developing antibody to HBsAg (anti-HBs) ≥10 mIU/mL [5] , a level that is considered protective [5] [6] [7] [8] [9] . Factors found to be associated with nonresponse include male sex, increasing age at vaccination (>40 years old), obesity, alcoholism, smoking, and genetic factors [10] [11] [12] .
Asymptomatic breakthrough infections (detected by the presence of antibody to hepatitis B core antigen [anti-HBc] or HBV DNA in serum) have been reported in vaccinated persons with a documented initial antibody response [13, 14] . Long-term follow-up studies of persons who were vaccinated as infants have reported absence of anti-HBs in 50%-70% of persons 15-30 years later [13, [15] [16] [17] [18] . In contrast, data on the longevity of immunity afforded by hepatitis B vaccine in a healthy adult population are scarce. The few available studies in young adults who initially responded to a past primary vaccine series with antibody concentrations of ≥10 mIU/mL reported that 17%-50% have low or undetectable anti-HBs (reflecting anti-HBs loss) 10-15 years after vaccination [14, 19] . Whether low or undetectable levels of anti-HBs predispose to subsequent infection is unknown. Moreover, whether individuals may respond to a hepatitis B vaccine booster to maintain long-term protection is unknown. Current guidelines do not recommend booster doses, but the duration of long-term protection is unknown [4, 20] .
Healthcare workers (HCWs) in the United States are mandated to receive hepatitis B vaccine and are at risk for hepatitis B through occupational exposure. Therefore, they would be an ideal population to assess durability of antibody response and long-term (≥10 years) vaccine protection and to determine response to a booster dose in those who did not maintain the immune response to primary vaccination as adults.
METHODS

Subjects
All HCWs from the Clinical Center, National Institutes of Health (NIH) and Suburban Hospital, Bethesda, Maryland, were invited to participate in the study. Eligible subjects were those who received a 3-dose series of either plasma-derived or recombinant HBV vaccine within a 6-month period between the ages of 18 and 60 years and could provide documentation of the dates of vaccination. In the absence of such documentation, subjects were requested to obtain a note from their physician or to sign a written affidavit indicating the dates. HBV serological status before and after vaccination was not a requirement for enrollment but was available on a subset of individuals (n = 36) who received their initial immunization at the Clinical Center, NIH. Exclusion criteria included chronic hepatitis B, known nonresponse to an adequate series of HBV vaccination, receipt of a booster dose of HBV vaccine, recent use of immunosuppressive medications or their use at the time of vaccination, renal failure requiring dialysis, chronic hepatitis C, hematopoietic cell or solid organ transplant, known immunodeficiency, and human immunodeficiency virus (HIV) infection.
Study Design
Eligible HCWs were stratified based on the time interval since the first dose of hepatitis B vaccine: group 1 (10-15 years after vaccination), group 2 (16-20 years after vaccination), and group 3 (>20 years after vaccination). Subjects provided written informed consent and were remunerated for their participation.
They were evaluated in the outpatient clinic and completed a questionnaire (Supplementary Table 1 ) to assess risk factors for HBV exposure and compromised immunostatus. The study was approved by the Institutional Review Board of the National Institute of Diabetes and Digestive and Kidney Diseases, NIH (ClinicalTrials.gov identifier NCT01182311).
Testing
Serological testing for HBV status was performed for HBsAg, anti-HBs, and anti-HBc using commercial assays (VITROS, Ortho Clinical Diagnostics, Raritan, New Jersey). Other serologic testing included enzyme-linked immunosorbent assay for antibody to hepatitis C virus (anti-HCV), antibody to hepatitis A virus (anti-HAV), and anti-HIV (Ortho Clinical Diagnostics, Raritan, New Jersey). Serum HBV DNA levels were measured by COBAS AmpliPrep/COBAS TaqMan HBV Test, version 2.0 (lower limit of detection, 29 IU/mL; Roche Molecular Diagnostics, Branchburg, New Jersey) in subjects who tested positive for anti-HBc and/or HBsAg.
Definitions
According to the product label for the VITROS anti-HBs assay, anti-HBs levels <5 mIU/mL were considered negative, levels between 5 and 12 mIU/mL were considered indeterminate, and levels >12 mIU/mL were considered protective. These definitions were used in this analysis. Subjects with negative and indeterminate levels were offered a booster dose of HBV vaccine.
Exposure Risk Score
Risk of HBV exposure, that is, occupational risk (needle-stick injury and mucocutaneous exposure to blood or body fluids), blood transfusion, and intimate contact with a known HBV carrier, was determined by a questionnaire. HCWs without risk factors were classified at low risk, those with 1 risk factor at intermediate risk, and those with ≥2 risk factors at high risk for exposure.
Booster Dose and Follow-up
Booster vaccination consisted of a single intramuscular (deltoid) injection of 20 µg recombinant hepatitis B vaccine (Engerix-B, GlaxoSmithKline Biologicals, Rixensart, Belgium). Anti-HBs levels were measured at days 1, 7, and 21 after the booster. Subjects whose anti-HBs levels rose above 12 mIU/mL were considered responders.
Statistical Analysis
Baseline demographic, clinical, and laboratory characteristics were compared using measures of central tendency. Anti-HBs levels were compared among the 3 groups using analysis of variance. The role of age, age at vaccination, race, sex, body mass index, duration since vaccination, risk of exposure to HBV, alcohol use, and smoking history with a negative anti-HBs level was explored using multivariate logistic regression analysis.
Statistical analysis was carried out using SAS software version 9.3 (SAS Institute, Cary, North Carolina).
RESULTS
Baseline Characteristics of the Study Group
Between September 2010 and March 2012, 324 HCWs were screened for enrollment, of whom 165 were excluded. The reasons for exclusion were absence of vaccination record (n = 90), vaccination before the age of 18 years (n = 30), receipt of a booster dose (n = 28), incomplete vaccination (n = 5), study participation refusal (n = 12), and receipt of immunosuppressive agents (n = 8). Of the 159 who were recruited, 142 (89%) provided documentation indicating the dates of vaccination, 11 (7%) subjects provided a note from their physicians, and 6 (4%) signed a written affidavit indicating the dates of vaccination. Among the 159 enrolled subjects, 50 belonged to group 1 (10-15 years after vaccination), 50 to group 2 (16-20 years), and 59 to group 3 (>20 years). The average duration since vaccination was 18 years with a range of 10-31 years (group 1, 12 years; group 2, 17 years; and group 3, 24 years). The average age at vaccination among the 3 groups was 27, 28, and 30 years, respectively, and was not significantly different (P = .11). Baseline characteristics were similar among the 3 groups with the exception of a higher rate of needle-stick injury (47%) and having ever smoked cigarettes (32%) among subjects in group 3 ( Table 1 ). All subjects tested negative for anti-HIV and anti-HCV.
Antibody Status Among the 3 Study Groups 10-31 Years After Vaccination
Protective anti-HBs levels (>12 mIU/mL) were present in 123 subjects (77%): 56 with a level of 12-100 mIU/mL, 34 with a level of 101-500 mIU/mL, 17 with a level of 501-1000 mIU/ mL, and 16 with a level of >1000 mIU/mL. The proportion with protective anti-HBs levels was similar between women (75%) and men (83%) (P = .32) as well as in the 3 groups (group 1, 82%; group 2, 74%; and group 3, 76%; Figure 1 ) (P = .59). In addition, the average anti-HBs levels did not differ among the 3 groups (group 1, 811 mIU/mL; group 2, 321 mIU/ mL; and group 3, 371 mIU/mL, P = .1) (Figure 2A ). Thirty-six (23%) subjects had anti-HBs levels <12 mIU/mL, including 25 with levels <5 mIU/mL (negative) and 11 with levels between 5 and <12 mIU/mL (indeterminate).
Four subjects tested positive for anti-HBc. All were negative for HBsAg, hepatitis B e antigen (HBeAg), antibody to HBeAg, and HBV DNA. Anti-HBs levels were >12 mIU/mL in 3 subjects (22, 665 , and 7340 mIU/mL) and were <12 mIU/mL in 1 subject (2.7 mIU/mL). None of the 4 reported a history of Pre-and postvaccination anti-HBs levels were available on a subgroup of 36 subjects who received their initial course of HBV vaccine at the Clinical Center, NIH. All were anti-HBs negative before vaccination. After the standard 3-dose immunization schedule administered at 0, 1, and 6 months, 35 (97%) developed an initial response to vaccination with anti-HBs levels ranging from 13 to 497 mIU/mL. The single subject without anti-HBs after primary vaccination tested anti-HBs negative again 20 years later while participating in the current study. This subject responded to a single booster vaccination with an anti-HBs level of 685 mIU/mL at 3 weeks.
In follow-up 10-27 years (average 22 years) after the primary vaccination, 11 of the 35 vaccinees who had an initial antibody response become anti-HBs negative. Analysis of the change in anti-HBs levels and time to follow-up assessment showed no correlation ( Figure 2B ).
Predictors of an Inadequate Anti-HBs Level 10-31 Years After Vaccination
To identify factors associated with loss of anti-HBs after initial vaccination, the 36 subjects with inadequate anti-HBs levels at the time of follow-up assessment were compared to the 123 subjects with protective levels. HCWs with inadequate anti-HBs levels were older at the time of vaccination (average age, 36 vs 32 years) (P < .02), and less likely to ever have smoked (8% vs 24%) (P < .04; Table 2 ). There were no significant differences in sex, race, body mass index, risk factors, concurrent chronic medical conditions, or alcohol use between subjects with adequate vs inadequate anti-HBs levels. In multivariate logistic regression analysis, only age at vaccination remained a significant predictor of an inadequate anti-HBs level 10-31 years later (P = .0008; Figure 3 ). Age at vaccination was then tested for correlation with inadequate or negative anti-HBs levels among the individual groups, and identified as a significant predictor of anti-HBs level in groups 1 and 2 but not group 3. 
Response to HBV Booster Vaccination
All 36 subjects with inadequate anti-HBs levels were offered a single dose of HBV booster vaccine and 34 (94%) agreed and received the booster injection. The remaining 2 subjects had relocated and could no longer participate in the study. At 1 day after booster, only 1 of 28 (3.6%) subjects who returned for the visit developed an anti-HBs level ≥12 mIU/mL (average, 3.6; range, 0-14.4 mIU/mL). However, by day 7, 18 of 34 (53%) subjects had anti-HBs levels ≥12 mIU/mL (average, 40; range, 0-428 mIU/mL), and by day 21, 32 of 34 (94%) subjects Figure 2 . A, Box plots showing distribution of antibody to hepatitis B surface antigen (anti-HBs) levels among subjects in the 3 groups. There was no difference in anti-HBs levels among the 3 groups: group 1 (10-15 years since vaccination), 811 mIU/mL; group 2 (16-20 years since vaccination), 321 mIU/ mL; and group 3 (>20 years since vaccination), 371 mIU/mL (P = .1). Average, 25th and 75th percentiles, and range are shown. B, Change in anti-HBs levels over time since initial vaccination. There was no correlation between the magnitude of change in anti-HBs level over time (r 2 = 0.0013, P = .85). Change was calculated based on last anti-HBs level minus initial anti-HBs level usually obtained 9-12 months after first vaccine dose (n = 36).
had adequate levels (average, 3298; range, 0 to >20 000 mIU/ mL). Thus, only 2 (6%) subjects still had inadequate anti-HBs titers 21 days after receiving a booster dose of HBV vaccine.
DISCUSSION
This study describes the durability of antibody response and the response to a booster dose of HBV vaccine among HCWs who were vaccinated as adults. Antibody levels were found to be adequate (≥12 mIU/mL) in 123 of 159 (77%) of previously vaccinated subjects. An inadequate antibody level was associated with older age at the time of vaccination, but not with sex, race, body weight, comorbidities such as diabetes or hypertension, time after vaccination, or history of ongoing risk factors for exposure. Among subjects with inadequate antiHBs levels, no subject tested HBsAg or HBV DNA positive and almost all had a rapid anamnestic anti-HBs response to a single booster dose of vaccine, suggesting that immunologic memory to HBsAg remains intact for up to 28 years after primary immunization.
Maintenance of a long-term antibody response against HBsAg is important for protective immunity against infection with HBV, particularly among HCWs. At present, there are limited data on the durability of protective antibody in vaccinated persons from nonendemic regions at intermediate risk for HBV exposure. In the current study of HCWs vaccinated as adults, 36 of 159 (23%) had inadequate antibody levels, a mean of 18 years after vaccination. Previous studies in HCWs with shorter duration of follow-up (3-12 years postvaccination) reported inadequate anti-HBs levels in 24%-48% of subjects [21] [22] [23] [24] [25] . The maintenance of antibody levels decades after vaccination in the majority of our study group and the positive response to booster vaccination in those who had lost anti-HBs antibodies is remarkable for 2 reasons. First, HBsAg is a protein vaccine and 1 study of durability of other protein vaccines (tetanus and diphtheria) demonstrated a rapid decrease in antibody levels with estimated half-lives of 11-19 years. In that study, only antiviral antibody responses after live viral infections were stable with a half-life of ≥50 years [26] . Second, as many as 50%-70% of persons who were vaccinated with HBsAg as infants or in early childhood in endemic regions have inadequate antibody levels 15-30 years after vaccination [13, [15] [16] [17] . This high rate of antibody loss is notable because the natural booster effect of intermittent exposure would have been expected to maintain antibody levels. Collectively, these data suggest that anti-HBs levels decline less frequently among persons vaccinated as adults who are at risk for HBV infection through occupational exposure compared with infant/childhood vaccination from endemic regions. The detection of HBV core and polymerasespecific T-cell responses in our subjects suggests that occupational exposure may have occurred [27] .
Previous studies have reported that antibody level after vaccination was related to age at vaccination and to the peak antibody response achieved [7, 28, 29] . Indeed, in this study we demonstrated that older age at vaccination (40 years) was an independent predictor of an inadequate anti-HBs level among HCWs. Furthermore, durability of anti-HBs was not related to duration since vaccination. In the group of subjects with the longest duration of follow-up since vaccination (21-31 years), 14 of 59 (24%) had inadequate antibody levels, a rate that was not different from that in subjects 15-20 years since vaccination (13 of 50 [26%]). Taken together, the existing long-term data on recipients of HBV vaccination suggest that vaccination at infancy or at an older age, approximately 40 years, is associated with higher rate of antibody loss.
Among persons with an inadequate anti-HBs level, we demonstrated a rapid and robust response to a booster dose of HBV vaccine. Fifty-three percent of subjects developed a protective anti-HBs level by day 7 and 94% by day 21, with an average 100-fold increase in antibody level noted between day 7 and day 21. These data suggest that it is possible to mount an anamnestic response to HBV vaccination up to 28 years after initial vaccination and are in keeping with other reports, albeit with shorter duration of follow-up documenting response to a booster dose of vaccine in HCWs and other populations [21, [30] [31] [32] . The absence of any cases of chronic infection as evidenced by lack of HBsAg and the positive response to a single booster dose argue against the need for a routine booster dose of HBV vaccine for HCWs. Because HBV infection has an incubation period of 6 weeks to 6 months, stimulation of memory B cells by HBV should permit development of an adequate antibody response to neutralize virus before active infection can be established. Thus, these data support current recommendations by the Advisory Committee on Immunization Practices (ACIP) and European Consensus Group that a booster dose of HBV is not required for HCWs [33, 34] . Immunologic memory is only reliable in healthy persons; therefore, booster doses are still recommended for persons receiving hemodialysis or otherwise immunocompromised if anti-HBs levels decline to <12 mIU/mL [33] . Whether immunologic memory is lifelong will require further follow-up studies.
During the conduct of this study, we noted that more than half of the vaccinees did not possess a vaccination record. The ACIP guidance on general vaccination recommends that both providers and recipients maintain a permanent vaccination record, and The National Vaccine Advisory Committee strongly encourages development of community-or state-based immunization information systems and recommends that vaccination providers participate in these systems whenever possible [35] . Having a vaccination record would be helpful in management of postexposure cases.
A limitation of our study was the lack of information about antibody response to original HBV vaccination in approximately three-fourths of study participants. Prior studies have reported that approximately 5% of persons vaccinated as adults do not develop an antibody response after an initial course of HBV vaccine. In the subset of subjects in whom postvaccination anti-HBs status was available, 35 of 36 (97%) had an initial antibody response. Thus, if we assume a nonresponse rate to initial vaccination of 3%-5%, then the observed rate of persons without anti-HBs in this study may be closer to 18%-20% (observed rate of negative anti-HBs [23%] minus initial nonresponse rate [3%-5%]). We were unable to distinguish between prior infection before vaccination or vaccine failure (with subsequent recovery) after vaccination in the 4 anti-HBc positive cases due to absence of prevaccination serological data. Prior infection was suspected, as 3 of the 4 were from an endemic region. Finally, as the majority of participants were white females, these data may not be generalizable to females of other races or to Figure 3 . Correlation between antibody to hepatitis B surface antigen (anti-HBs) levels and age at vaccination. There was an inverse correlation between anti-HBs levels and age at vaccination. Older age at vaccination is a significant predictor of inadequate anti-HBs level (r 2 = 0.069, P = .0008).
males, although we did not observe any difference in the rates of anti-HBs loss between males and females. In summary, HBV vaccine protected against chronic HBV infection over a mean follow-up period of 18 years in a population of HCWs vaccinated as adults. Seventy-seven percent of the study group maintained an antibody level that is considered protective or adequate. The rapid and robust response to booster among HCWs with absent or inadequate anti-HBs levels suggests that even these persons would be protected upon HBV reexposure. These data support current guidelines that booster vaccination is not necessary in otherwise healthy HCWs [33] . Longer follow-up of persons at higher risk for anti-HBs loss ( persons vaccinated as infants or >40 years) is necessary to establish the long-term protection afforded by hepatitis B vaccine. 
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